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Abstract 
Heating in dry state has gained a lot of interest in pharmaceutical and food industries for viral and microbial 
decontamination of thermo sensible products. Controlled dry heating has now become a common industrial process 
for improving the functional properties of food proteins. Besides this improvement, chemical modifications in protein 
structures involving degradation of amino acids, new intra or inter-molecular disulfide bonds, isopeptide bonds, and 
some other links may occur. These chemical modifications are favored by severe heating under neutral or alkaline 
conditions, and except disulfide interchanges, are usually not predominant during heat treatments in solution and their 
occurrence is not well understood. Understanding chemical modifications in protein structure that occur during dry 
heating of protein powders is a prerequisite for reproducible properties of final products at industrial scale. In the 
present work, we focused on how dry heating under acidic pH conditions affects the chemical modifications and 
denaturation/aggregation reactions of whey proteins. Model whey protein (ȕ-lactoglobulin) powders obtained from 
freeze drying of protein concentrates adjusted to pHs 2.5 & 6.5 were adjusted to a fixed water activity (Aw 0.23). The 
samples were dry heated at 100°C for up to 24 hours and structural modifications induced during dry heating were 
followed. We showed that whatever the pH value, proteins were characterized by irreversible mass losses of 18 Da. 
Such mass losses were increased at lower pH value. Dry heating mainly generated small aggregates (dimers and 
oligomers). Strikingly, at pH 2.5 intermolecular disulfide bonds were the only crosslinks between proteins in the 
aggregated forms while covalent crosslinks other than disulfide bonds also participated at pH 6.5. ȕ-Lactoglobulin 
hydrolysis was also detected at pH 2.5 and some of the peptides were incorporated in the oligomers. These results 
underline that chemical modifications in protein structures induced by dry heating are highly pH dependent. Hence, 
strict control of pH conditions for dry heating is indispensable to give reproducible functionality in products where 
such modified proteins are incorporated as ingredient.  
 
 
Keywords: ȕ-Lactoglobulin; Dry-heating; pH; Protein crosslinking; Protein hydrolysis 
 
* Muhammad Gulzar. Tel.: +33-2 23 48 55 74; fax: +33-2 23 48 53 50. 
E-mail address: mgulzar@agrocampus-ouest.fr. 
2211 601X © 2011 Published by Elsevier B.V. 
Selection and/or peer-review under responsibility of 11th International Congress on Engineering  and Food (ICEF 11) Executive Committee.
Open access under CC BY-NC-ND license.
 
© 2011 Published by Elsevier B.V.
 Selection and/or peer-review under responsibility of 11th International Congress  on Engineering and Food (ICEF 11) Executive 
Committee.
Open access under CC BY-NC-ND license.
392  Gulzar Muhammad et al. / Procedia Food Science 1 (2011) 391 – 398
1. Introduction 
Proteins are widely used as ingredients in food products due to their ability to generate large diversity 
of textures (gel, foam and emulsion). Modification of protein structures strongly affects this aptitude. 
Controlling the denaturation/aggregation level of proteins, i.e. pre-texturization, is of tremendous 
importance for tuning their functional properties.  
Industrially, dry-heating has been proved to be a promising process to improve the functional 
properties of proteins by pre-texturizing them [1], which reduces the effective cost by optimizing the 
quantity of input. However, non reproducible functional properties are generally observed for industrially 
produced dry-heated proteins. In fact, thermal intensity for dry-heating (temperature and time for dry 
heating) is usually the only parameter that is modified to reach the expected denaturation/aggregation 
level of proteins. Other parameters of the powder such as Aw and pH are also able to tune the 
denaturation/aggregation kinetics of proteins as well as the type of modifications induced in the powder. 
In a previous work, Gulzar et al. [2] characterized the effect of pH on the dry heat-induced 
denaturation/aggregation of commercial whey protein isolate. We found that the kinetic of 
denaturation/aggregation of whey proteins was increased by increasing the pH of dry heating. In addition, 
the pH also affected the size and solubility of aggregates as well as the interactions among the protein 
molecules involved to form aggregates.  
In order to progress on the structural changes induced by dry-heating, purified samples of major whey 
protein ȕ-Lg adjusted at pH 2.5 and 6.5 and water activity (aw) 0.23 were dry heated at 100°C for up to 24 
hours (dry heating conditions were same as taken for WPI analyzed previously). The structural 
modifications induced during the course of dry heating were investigated. 
2. Material and Methods 
2.1 Materials 
Spray dried ȕ-Lg (industrial source) contained 93% protein (determined by Kjeldahl method), 
4.3 r 0.2% moisture and about 0.89 r 0.04% mineral salts. Glycine was from Acros Organics (Geel, 
Belgium), all other chemicals were from Sigma Aldrich (Saint-Quentin-Fallavier, France). 
2.2 Preparation of powders 
Spray-dried ȕ-Lg powder was dissolved in distilled water at a protein concentration of 15% and the 
solution was adjusted to two different pH’s (2.5 and 6.5) using HCl. The solutions were then lyophilized. 
The samples containing 10 g of powder were stored for two weeks in desiccator having saturated salt 
(CH3CO2K) solution to reach an aw of 0.23. Before dry heating, the aw of powder was checked by aw 
meter (Novasina RTD 200/0 and RTD 33, Pfäffikon, Switzerland).  
2.3 Preparation of samples 
Powders (aw 0.23) with two different pH’s were heated at 100°C up to 24 hours in hermetically sealed 
bottles. Then, all the powders were reconstituted at 10 g L-1 in distilled water containing NaCl in order to 
reach the same final ionic strength (0.12 M) in all samples. The pH was adjusted to 7 by addition of 1 N 
NaOH. These samples were used to characterize the changes induced by the dry heat treatment.  
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2.4 Analysis of samples 
Molecular entities in the samples were quantified by high performance gel permeation chromatography 
(HP-GPC) and mass spectrometry. HP-GPC was conducted as explained by Gulzar et al. [3]. The 
chromatographic peak in HP-GPC corresponding to non-aggregated proteins gathered molecular species 
having different masses. These molecular species were quantified by mass spectrometry using the 
protocol as reported by Gulzar et al. [3].   
SDS-PAGE was used to determine the type of intermolecular covalent bonds involved in the 
aggregates. SDS-PAGE (15% acrylamide separating gel and 4% concentration gel) was performed under 
reducing (with DTT) and non-reducing conditions (without DTT) using a Mini Protean II system (Bio-
Rad Laboratories, ǹ Technologies, Dublin, Ireland) as described by Laemmli [4].  
The secondary and tertiary structure of ȕ-Lg was determined by circular dichroism as explained by 
Gulzar et al. [3].  
Surface hydrophobicity of proteins was measured using a fluorescence probe, ANS (anilino 
naphthalene sulfonic acid). The protein samples (10 g L-1) were diluted 40 times in a phosphate buffer 
(0.05 M, pH 7, 0.1 M NaCl) and were put in 10 u 10 mm quartz cuve. Then 20 μl of ANS 8 mM was 
added. Fluorescent measurements were performed on Spectrofluorometer LS50B (Perkin-Elmer). The 
samples were excited at 390 nm and emission spectra were recorded between 440 and 550 nm. Excitation 
and emission slit size was 5 u 5 mm.   
The quantification of exposed sulfhydryl groups and total sulfhydryl groups of the protein was done by 
the method of Ellman [5].  
   
 
 
 
 
 
Fig. 1. a) Composition of ȕ-Lg before and after dry heating at 100°C up to 24 hours. Native ȕ-Lg (black bar); non-native ȕ-Lg 
monomers (blue bar) and aggregated forms (red bar). b) Dry heat induced transformation of native ȕ-Lg into non-native forms  
3. Results and Discussion 
Figure 1a shows the composition of ȕ-Lg powder before and after 24h of dry heating at pH 2.5 and pH 
6.5.  Before dry heating, E-Lg powders contained 90% of non-aggregated ȕ-Lg at both pH values. From 
its molecular mass determined by mass spectrometry and solubility criteria at pH 4.6, non aggregated E-
Lg was considered as native E-Lg. Note that a 10% of ȕ-Lg was present as soluble aggregated forms as 
result of previous processing or sample preparation.  
Dry heating induced significant aggregation of E-Lg as indicated by the decrease of native protein 
eluted at 12.2 min on the HP-GPC profile (Figure 2). The proportion of aggregated forms of ȕ-Lg after 24 
hours of dry heating was similar at both pH (between 35 and 40%).  
Native ȕ-Lg exits as a monomer-dimer equilibrium under the conditions of analysis and is eluted 
between dimer and monomer in HP-GPC [6]. Focus on the HP-GPC profile of dry heated samples (Figure 
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2) indicated that the peak of non-aggregated ȕ-Lg was shifted to right and this shift was increased by 
decreasing the pH of dry heating. It was already reported that non native form of E-lg generated during 
heat treatment in solution exhibit similar shift in retention time on HP-GPC and precipitated at pH 4.6 [7]. 
Interestingly, the amount of non-aggregated proteins in dry heated samples did not change after 
precipitation at pH 4.6 (result not shown) indicating that the non native forms generated by dry heating 
were stable under this condition. Mass spectrometry analysis of non-aggregated E-Lg showed the 
presence of non-native forms in regards of molecular mass of E-Lg. It was observed that irrespective of 
dry heating pH, non-native forms of E-Lg were characterized by irreversible mass losses of 18 Da. This 
mass loss was more abundant at pH 2,5, since about 26% of monomers with mass losses of 18Da were 
obtained against 11% at pH 6.5. Mass loss of 18Da refers probably to dehydration. There are several 
chemical reactions in protein leading to dehydration [8]. Cyclic anhydride succinimide resulting from a 
cyclisation of amino acids Asp was observed for Lysozyme heated in dry state [9] . This succinimide 
form was found to be stable at acidic pH but disappears when pH is increased above pH 5. In our 
samples, the E-Lg forms with mass loss of 18Da remain stable at pH 7 suggesting another type of 
intramolecular crosslink.  
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Fig. 2. a) HP-GPC profile of dry heated ȕ-Lactoglobulin (soluble fraction at pH 7). NH-ȕ-Lg (black line), DH-ȕ-Lg-24h (red line). 
N corresponds to monomer dimer equilibrium of ȕ-Lactoglobulin. Inserts represent the zoomed non-aggregated peaks. b) SDS-
PAGE profile of same samples in the absence and presence of reducing agent DTT. MW, low molecular weight markers; M1, ȕ-
lactoglobulin monomer; D dimer of ȕ-Lg; A, polymers of aggregated proteins and H, peptides representing hydrolyzed proteins. c) 
Diagrammatic representation of formation of intermolecular interactions among the protein molecules 
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Hence, dry-heating induces the denaturation of native E-Lg and its aggregation into aggregated forms. 
Some of the denatured forms characterized by a mass loss of 18Da were trapped as non aggregated 
proteins (Figure 1b).   
To determine the type of aggregates formed the samples were further analyzed by HP-GPC and SDS 
PAGE (Figure 2a and 2b). HP-GPC of dry-heated E-lactoglobulin samples indicated that the dry-heat 
induced aggregation was different from WPI. For dry-heated E-lactoglobulin, oligomers were the main 
entities formed during dry heating at both pHs while for dry heated WPI mainly large aggregates were 
formed and oligomers were absent. In addition, the rate of appearance of aggregated proteins in WPI was 
greatly enhanced by increasing pH for dry heating, while for ȕ-Lg no difference was observed. The 
presence of Į-La in WPI or slight modification in the medium composition (traces of Ca2+, lactose, etc.) 
could explain the different behavior with respect to pH.  
SDS-PAGE in the absence of reducing agent indicated that unheated samples had one major band 
corresponding to ȕ-Lg monomers. Small quantity of covalent dimer of ȕ-Lg was also present, but 
disappeared under reducing conditions (presence of DTT) indicating that ȕ-Lg dimer in unheated samples 
was mainly linked by intermolecular disulfide bond.  
In DH-ȕ-Lg (pH 2.5 and 6.5) the monomer band intensity was decreased during the course of dry 
heating in profit of mainly an increase in dimer and oligomer band intensity. Aggregated forms observed 
at pH 2.5 were dissociated in the presence of reducing agent indicating that E-Lg molecules in these 
molecular entities were joined together by disulfide bonds. Although disulfide bond formation is not 
favored at pH 2.5 [10], the high concentration of sulfhydryl groups in ȕ-Lg powder may compensate the 
low reactivity of sulfhydryl groups at acidic pH as indicated by Swaisgood [11]. This result confirms our 
previous result on WPI, where proteins were exclusively joined together by disulfide bonds at pH 2.5. 
Interestingly, the presence of new bands corresponding to molecular entities with higher mobility than E-
Lg monomer were observed after dry heating at pH 2.5. These bands intensified after reduction of the 
aggregated forms indicating that some ȕ-Lg peptides generated during the dry heating treatment were 
linked to ȕ-Lg monomers in the aggregates through intermolecular disulfide bonds. In DH-ȕ-Lg (pH 6.5) 
the aggregates did not dissociate completely under reducing conditions and significant quantities of 
covalent dimer were still joined together by covalent interactions other than disulfide bonds. The same 
behavior was observed in our previous results on WPI and by some other researchers in dry heated whey 
proteins [12, 13]. The structure of the covalent interactions other than disulfide bonds is not clear. 
Intermolecular isopeptide and lysinoalanine crosslinks were suggested [8]. 
Hence, dry heating at pH 2.5 induced the aggregation of E-Lg through disulfide bonds. In addition 
some of the E-Lg was hydrolyzed during the time course of the dry heat treatment. In contrast dry heating 
at pH 6.5 induced an aggregation of E-Lg through intermolecular disulfide bonds but also crosslinks other 
than disulfide bonds. No hydrolysis of protein was observed at this pH (figure 2c). 
During protein aggregation, intermolecular disulfide bonds are created either by intermolecular 
sulfhydryl/disulfide interchange or oxidation of sulfhydryl groups between two molecules. These 
reactions occur only when sulfhydryl groups are exposed to solvent. Compared to sulfhydryl/disulfide 
interchange, oxidation reaction led to a reduction of the total free sulfhydryls. In native ȕ-Lg, each 
molecule contains one sulfhydryl group. The unheated ȕ-Lg (pH 2.5 and 6.5) samples contain 0.87 and 
0.88r0.01 sulfhydryl per molecule of protein respectively (table 1). The quantity of SH groups is slightly 
below one probably because some oxidation already occurred (covalent dimer observed in SDS PAGE of 
unreduced sample) in the protein samples. In DH-ȕ-Lg  samples (pH 2.5 and 6.5) the number of 
sulfhydryl per molecule were 0.71 and 0.82r0.02 respectively. This shows that at pH 2.5 the disulfide 
bonds formed have higher participation of oxidation reaction as compared to the ones formed at pH 6.5. 
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Table 1. Quantification of exposed and total sulfhydryls, and relative surface hydrophobicity of ȕ-Lg 
Sulfhydryl quantification pH of Powders Heating Time 
(hours) 
Exposed Total 
Relative Surface 
Hydrophobicity (%) 
0 0.05 0.87 100r 4 2.5 
24 0.36r 0.01 0.71 205r 2 
0 0.05r 0.01 0.88r 0.01 100r 1 6.5 
24 0.23r 0.01 0.82r 0.02 160r 2 
 
The ȕ-Lg conformational modifications induced by dry heating were evaluated by the quantification of 
exposed sulfhydryls (accessibility to DTNB in the absence of SDS), of the surface hydrophobicity 
(accessibility to fluorescent probe anilino naphthalene sulfonic acid, ANS) and of the changes in 
secondary and tertiary structures (determined by circular dichroism). For unheated ȕ-Lg exposed 
sulfhydryl groups per molecule was 0.05 in accordance with the fact that the free sulfhydryl group of E-
Lg is hidden in the interior of the native protein. In dry heated samples the accessibility to sulfhydryl 
groups by DTNB was increased and this accessibility was greater at pH 2.5. The exposed sulfhydryls per 
molecule were 0.36r0.01 and 0.22r0.01 for DH-ȕ-Lg at pH 2.5 and 6.5 respectively. In the same time, an 
increase in the accessibility to hydrophobic patches was observed. Like exposed sulfhydryl, surface 
hydrophobicity increase was also higher for samples dry heated at acidic pH.  
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Fig. 3. a) Near UV CD and b) Far UV CD (left: pH 2.5 and right pH 6.5) spectra of ȕ-Lg. Non Heated-ȕ-Lg (black line) and Dry 
Heated-ȕ-Lg-24h (dotted line) 
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Whatever the pH for dry heating, the near-UV CD spectra of NH-ȕ-Lg were characterized by deep 
troughs at 283 and 293 nm which correspond to chiral environment of aromatic Trp 61 and Trp 19 
respectively [14]. DH-ȕ-Lg at pH 2.5 exhibited significant modifications in the intensity of protein 
tertiary structure indicating that the rigid packing of tryptophan residues was partly lost. The far-UV CD 
spectra of NH-ȕ-Lg at pH 2.5 and 6.5 were similar and show a negative maximum between 210 and 220 
nm, which is typical of secondary structure with anti parallel sheets [15]. In DH-ȕ-Lg at pH 2.5, the 
negative maximum signal was decreased and a shift towards lower wavelength was also observed. The 
modifications at pH 2.5 were higher than at pH 6.5 where only slight modifications in secondary structure 
were observed.  
These results indicated that conformational modifications in E-Lg structure induced by dry heating 
were increased at lower pH, where more flexible structures were produced. 
 
4. Conclusion 
In our previous results we have shown that the dry heat induced denaturation/aggregation of whey 
proteins is greatly enhanced by increasing pH for dry heating. In addition, whatever the pH for dry 
heating, mainly large aggregates are formed and oligomers are absent. In contrast for ȕ-Lg, the process of 
denaturation/aggregation was reduced by increasing pH for dry heating and dimers and oligomers were 
the main entities formed. In these molecular entities, proteins were joined together by disulfide bonds at 
pH 2.5, while at pH 6.5, covalent bonds other than disulfide bonds also participated. In addition at pH 2.5, 
E-Lg was hydrolyzed into small peptides, a fraction of which were covalently linked to the oligomers. 
Whatever the pH, some of the E-Lg molecules were characterized by an irreversible mass loss of 18 Da 
and the fraction of E-Lg involved was greater at pH 2.5.  
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